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VWDWLVWLFVDORQHDUHRIYHU\ OLWWOHXVH WRVXSSRUWUHVHDUFKDLPLQJWRIXUWKHUUHGXFH WKHPRUWDOLW\7KHUHIRUH UHVHDUFK
ZRUNVZHUHXQGHUWDNHQRQYHKLFOH WUDMHFWRU\PRGHOOLQJDQGPHDVXUHPHQW WRHYDOXDWH LQWHUDFWLRQVEHWZHHQYHKLFOH
GULYHUVDQGURDGLQIUDVWUXFWXUHDQGWRLGHQWLI\³TXDVLDFFLGHQWV´RU³QHDUPLVV´DVLQGLFDWRUVRILQDSSURSULDWHGULYLQJ
EHKDYLRXUVRULQIUDVWUXFWXUHULVN\]RQHV7KHWUDMHFWRU\PHDQVYHKLFOHORFDWLRQVSHHGDFFHOHUDWLRQDQGMHUNDVWLPH
IXQFWLRQV 1XPHURXV WHFKQRORJLHV DUH DYDLODEOH IRU WUDMHFWRU\ PHDVXUHPHQW XVHG LQ URDGVLGH DQG RQERDUG
REVHUYDWRULHV 7KLV SDSHU VKRZV WKH EHQHILW RI XVLQJ WUDMHFWRU\ REVHUYDWRULHV WKHLU FXUUHQW OLPLWDWLRQV DQG
SHUVSHFWLYHVRIGHYHORSPHQWJLYHVDQRYHUYLHZRIWKHDYDLODEOHUHVXOWVRQPRGHOOLQJDQGPHDVXUHPHQWWHFKQLTXHV









/&3& QRZ ,)677$5 DIWHU WKH PHUJLQJ ZLWK ,15(76 RQ  XQGHUWRRN VLQFH  WR FDUU\
UHVHDUFKZRUNVRQYHKLFOHWUDMHFWRU\PRGHOOLQJDQGPHDVXUHPHQWDQGRQ³TXDVLDFFLGHQWV´RU³QHDUPLVV´
LGHQWLILFDWLRQ DV LQFUHDVHG URDG ULVN LQGLFDWRUV LQDSSURSULDWH GULYLQJ EHKDYLRXUV ZLWK UHVSHFW WR
HQYLURQPHQWDODQGLQIUDVWUXFWXUHFRQGLWLRQVRUULVN\]RQHVRIWKHLQIUDVWUXFWXUH
$QHZFRQFHSWRIYHKLFOH³H[WHQGHGWUDMHFWRU\´ZKLFKQRWFRPSULVHVWKHYHKLFOHSDWKRQWKHURDGEXW
DOVR WKHYHKLFOH'ORFDWLRQVSHHGDFFHOHUDWLRQDQG MHUN LIQHHGHGDV WLPH IXQFWLRQV LH WKHYHKLFOH
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SUREDELOLVWLFPRGHOVRIVXFKWUDMHFWRULHVDUHGHYHORSHGDQGLPSOHPHQWHGWRDQDO\VHDQGUHODWHDFFXUDWHO\
WKH RXWSXW RI WKH YHKLFOHGULYHULQIUDVWUXFWXUH LQWHUDFWLRQ LH WKH WUDMHFWRU\ WR WKH HQYLURQPHQWDO DQG
FRQWH[WXDO SDUDPHWHUV VXFK DV GULYHU EHKDYLRXU JHRPHWU\ RU SHUIRUPDQFHV RI WKH LQIUDVWUXFWXUH HJ
UDGLXVRIFXUYDWXUHVORSHVNLGUHVLVWDQFHHWFDQGRIWKHYHKLFOH
'HIHFWLYHWUDMHFWRULHVRUWUDMHFWRU\IDLOXUHVDUHGHILQHGZLWKUHVSHFWWRJLYHQOLPLWVWDWHVRUIDLOXUHPRGHV




WKXV DQ LQDGHTXDWH VSHHG RU FRPPDQG ZLWK UHVSHFW WR WKH URDG DQG YHKLFOH SHUIRUPDQFHV DQG
HQYLURQPHQWDO FRQGLWLRQV6XFK HYHQWV DUHQRW UDUH DQG WKXV DFFHVVLEOH WRPHDQLQJIXO VWDWLVWLFVZKLFK
DOORZ IRUHFDVWLQJ DQG SUHYHQWLQJ DFFLGHQWV 7KHVH WRROV DQG PHWKRGV OHDG WR MXPS IURP D FXUDWLYH
WUHDWPHQWRIWKHURDGXQVDIHO\HJEODFNVSRWPLWLJDWLRQDIWHUDQDFFXPXODWLRQRIIDWDOLWLHVDQGLQMXULHV
WR D VHULHV RI SUHYHQWLYH PHDVXUHV VXFK DV GULYHU ZDUQLQJV VHOI H[SODLQLQJ URDG G\QDPLF URDG
LQIRUPDWLRQDGYDQFHGGULYLQJDVVLVWDQFHV\VWHPV$'$6HWF7KHHYDOXDWLRQRIWKHVHPHDVXUHVFDQEH
PDGHE\DQDO\VLQJWKHLU LPSDFWRQWKHUDWHRIQHDUPLVVRURQWKHSUREDELOLW\RI IDLOXUHZLWKUHVSHFWWR
VXFK D IDLOXUHPRGH ,Q DGGLWLRQ LQVWHDGRI QHHGLQJPDQ\ IDWDOLWLHV DQG LQMXULHV DPXFKPRUH UHOLDEOH
DVVHVVPHQWUHVXOWVIURPWKHUHGXFWLRQRIDVLJQLILFDQWULVNRUSUREDELOLW\RIIDLOXUHOHWVD\LQWKHRUGHURI
PDJQLWXGHRIWRWKDQZRUNLQJZLWKPXFKORZHUSUREDELOLWLHVVXFKDVWR
7UDMHFWRU\ REVHUYDWRULHV LQWHQG WR SURYLGH SURFHVV DQG VWRUH REMHFWLYH DQG H[WHQVLYHPHDVXUHV DQG
GDWDRIYHKLFOH H[WHQGHG WUDMHFWRULHV$QDO\VLQJ WKHVH WUDMHFWRULHVDOORZVGHYHORSLQJ LQGLFDWRUVRQ WKH
GDQJHURXVQHVVRIWKHURDGLQIUDVWUXFWXUHXVH6HYHUDOUHVHDUFKSURMHFWVKDYHXVHGWKLVDSSURDFKIRUEHQGV




7KH ZKROH VHW RI KDUGZDUH DQG VRIWZDUH WRROV WR FROOHFW SURFHVV DQG DQDO\VH WKH GDWD DQG WKH
GDWDEDVHV RI UHFRUGHG WUDMHFWRULHV DUH QDPHG ³7UDMHFWRU\2EVHUYDWRULHV´ VHH H[DPSOH LQ VHFWLRQ 
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7\SHVRI7UDMHFWRU\2EVHUYDWRULHV
)RXU FDWHJRULHV RI WUDMHFWRU\ REVHUYDWRULHV ZHUH GHILQHG 7DEOH  GHSHQGLQJ RQ WKH ORFDWLRQ RI WKH
PHDVXULQJ HTXLSPHQW RQERDUG RI WKH YHKLFOH RU RXWVLGH LW DQG RQ WKH VFDOH RI WKH WUDMHFWRU\
PHDVXUHPHQW ORFDO RU JOREDO 7KH PHDVXUHPHQW VFDOH GHSHQGV RQ WKH W\SH RI WRROV XVHG 2QERDUG































7KH ILUVW WZR W\SHV RI HTXLSSHG YHKLFOHV DUH JHQHUDOO\ XQLTXH LQ D UHVHDUFK LQVWLWXWH DQG GULYHQ E\
VSHFLDOL]HGGULYHUVWKHWKLUGW\SHLVOLNHO\WREHGXSOLFDWHGXSWRDIHZXQLWVWKHIRXUWKW\SHXSWRVHYHUDO








































FRPIRUW VWXGLHV 7KLV ³IXOO WUDMHFWRU\´ LV D WLPH IXQFWLRQ ZKLFK FRPSRQHQWV DUH QRW LQGHSHQGHQW EXW
OLQNHGE\GHULYDWLRQIRUPXODDQGH[SOLFLWO\DSSHDULQWKHVDIHW\RUFRPIRUWOLPLWVWDWHV
7KXVDQGDOVREHFDXVHWKHVHFRPSRQHQWVPXVWVDWLVI\VRPHDGGLWLRQDOHTXDWLRQVRIWKHNLQHPDWLFDQG





WKH VDPHEHKDYLRXUZLWK UHVSHFW WR WKHLU ORFDWLRQ VSHHG DFFHOHUDWLRQ DQG MHUN DV WLPH IXQFWLRQV RQO\
ZLWKD WLPHVKLIW7KH0DKDODQRELVGLVWDQFHZDVFKRVHQ.RLWDDVFRQYHQLHQWDVEHLQJHTXDO WR
]HURLQWKLVODWHUFDVHEXWGLVWLQJXLVKLQJWZRWUDMHFWRULHVZKLFKKDYHWKHVDPHSDWKLQVSDFHEXWQRWWKH
VDPH WLPH KLVWRU\ 7KLV GLVWDQFH LV EDVHG RQ WKH FRUUHODWLRQ EHWZHHQ YDULDEOHV DQG LV HIILFLHQW WR
GHWHUPLQHWKHVLPLODULW\EHWZHHQWZRVHULHVRIGDWD:KLOHWKH(XFOLGLDQGLVWDQFHJLYHVWKHVDPHZHLJKW
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7UDMHFWRU\ DQDO\VLV UHODWHG IDLOXUHVZLWK UHVSHFW WR VHUYLFHDELOLW\ RU XOWLPDWH OLPLW VDWHV FRQVLGHULQJ
LQIUDVWUXFWXUHYHKLFOHDQGGULYLQJFRPPDQGFKDUDFWHULVWLFVDVZHOODVHQYLURQPHQWSDUDPHWHUVYLVLELOLW\
ZHDWKHUFRQGLWLRQVHWF6HQVLWLYLW\VWXGLHVDUHFDUULHGRXW WRSRLQWRXW WKHPRVWHIIHFWLYHPHDVXUHVRQ
LQIUDVWUXFWXUH GHYHORSPHQW YHKLFOH GHVLJQ DQG PDLQWHQDQFH DQG GULYHU EHKDYLRXU HGXFDWLRQ
LQIRUPDWLRQWRUHGXFHWKHULVNRIIDLOXUH-DFRE	*DOOHQQH
%HFDXVHRIWKHUDQGRPSDUDPHWHUVLQURDGDQGYHKLFOHHQJLQHHULQJDQGDERYHDOOLQWKHKXPDQIDFWRUV
DQG EHKDYLRXU D SUREDELOLVWLF DSSURDFK RI WKH WUDMHFWRU\ DQDO\VLV ZDV GHYHORSHG 7UDMHFWRULHV ZHUH









,I WKHSXUSRVHRIWKHWUDMHFWRU\REVHUYDWRU\LV WRDQDO\VHWKHWUDMHFWRULHVRIDOO WKHYHKLFOHVSDVVLQJD
VXVSHFWHGEODFNVSRWWREHGLDJQRVHGHJDKD]DUGRXVEHQGRUDQLQWHUVHFWLRQWKHREVHUYDWRU\PXVWEH
ERXQG WR WKH LQIUDVWUXFWXUH DQG WKHQ EHORQJV WR FODVV  IDPLO\ RI REVHUYDWRULHV 0(7/ *166
WHFKQRORJ\ LV XVHOHVV LQ WKLV FDVH DQG WKH V\VWHP PXVW XVH UHPRWH VHQVLQJ WHFKQRORJLHV 6RPH YHU\
VRSKLVWLFDWHG PLOLWDU\ UDGDUV DUH FDSDEOH RI WUDFNLQJ VHYHUDO PRYLQJ REMHFWV DQG RI GHWHUPLQLQJ WKHLU
WUDMHFWRULHVEXWQRWDFFHVVLEOHWRFLYLOXVHUVEHFDXVHRIWKHLUFRVW
7KH DIIRUGDEOH WHFKQRORJLHV DUH YLGHR FDPHUDVZLWK LPDJHSURFHVVLQJ DQG ODVHU UDQJHILQGHUV DOVR
FDOOHGOLGDUVERWKEHLQJFRPSOHPHQWDU\7KHOLGDUPDLQO\WUDFNVWKHYHKLFOHVLQWKHEHQGDQGWKHYLGHR




,)677$5 DQG WKH 8QLYHUVLW\ RI &OHUPRQW)HUUDQG LQ WKH )UHQFK 6$5,5$'$55 SURMHFW LQ 
*R\DW &KDWHDX 7UDVVRXGDLQH  XVHV D SDUWLFOH ILOWHULQJ PHWKRG DQG D YHKLFOH ³ELF\FOH´
SURSDJDWLRQPRGHO7KHSDUWLFOHVUHSUHVHQWWKHYHKLFOHSRVVLEOHHVWLPDWHGORFDWLRQVZKLFKDUHXSGDWHGDW
HDFKPHDVXUHPHQWWLPHZLWKDPD[LPXPRIOLNHOLKRRGPHWKRGE\XSGDWLQJWKHZHLJKWRIHDFKSDUWLFOH









7RSHUIRUP WKHGLDJQRVLVRI DZKROHRU ORQJ LWLQHUDU\ZLWK UHVSHFW WR WKHGULYHUEHKDYLRXU LW LV QRW
SRVVLEOH WR HTXLS WKH URDGVLGH DOO DORQJ WKH LWLQHUDU\ 7KH PHDVXULQJ HTXLSPHQW PXVW EH DQ RQERDUG
YHKLFOH,QRUGHUWRDVVHVVWKHLWLQHUDU\VDIHW\WRLGHQWLI\WKHPRVWKD]DUGRXVVHFWLRQVDQGWRGHULYHVRPH
VDIHW\ LQGLFDWRUV WUDMHFWRULHV PXVW EH UHFRUGHG DQG DQDO\VHG IRU D ODUJH HQRXJK VDPSOH RI GULYHUV
UHSUHVHQWDWLYH RI WKH ZKROH GULYHU SRSXODWLRQ 7KHUHIRUH D GHGLFDWHG IOHHW RI YHKLFOHV IUHTXHQWO\
FLUFXODWLQJ RQ WKH LWLQHUDU\ VKDOO EH HTXLSSHG DQG WKH WUDMHFWRU\ GDWD JDWKHUHG LQ WKH FRQWH[W RI
³QDWXUDOLVWLF GULYLQJ´ WR DYRLG DQ\ ELDV RI WKH GULYHU EHKDYLRXU ZKLFK FRXOG EH LQWURGXFHG LI VRPH
GULYHUVZRXOGEHDSSRLQWHGWRSHUIRUPWKHPHDVXUHPHQWV




7KH WUDMHFWRU\ SDUDPHWHUV DUHPHDVXUHGZLWK WRROV VLPLODU WR WKRVH GHVFULEHG LQ WKH VHFWLRQ  EXW
VLPSOLILHG DQG PXFK OHVV H[SHQVLYH *36 DQG LQHUWLDO WHFKQRORJLHV DUH WKH PRVW FRQFHUQHG DQG WKH
V\VWHP GHYHORSHG DW ,)677$5 XVHV D YLGHR FDPHUD DQG LPDJH SURFHVVLQJ VRIWZDUH WR LPSURYH WKH
DFFXUDF\ LQ VRPHDUHDZKHUH DQ DFFXUDWH URDGPDUNPDS LV DYDLODEOH7KXV WKLV V\VWHP LV EDVHGXSRQ
VHQVRUGDWDIXVLRQVRIWZDUHDQGLWVFRPSRQHQWVKDUGZDUHDQGVRIWZDUHDUH
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7KUHH6WXG\FDVHV
,PSDFWVWXG\RIWKHLQIUDVWUXFWXUH
,Q )UDQFH RQ UXUDO URDGV LQ  FUDVKHV LQ EHQGV DFFRXQWHG IRU  RI DFFLGHQWV DQG  RI
IDWDOLWLHVDQGWKXVDUHDQLPSRUWDQWLVVXHRIURDGVDIHW\IRUURDGPDQDJHUV
0RVWRIWKHWLPHWRDQDO\VHLIDURDGLQIUDVWUXFWXUHLVGDQJHURXVDQGLQSDUWLFXODUEHQGVWKHRQO\PHDQ
LV WKH DFFLGHQW GDWDEDVH VWDWLVWLF DQDO\VLV %XW WKH SUREOHP LV WKDW WKHUH LVQ¶W IRUWXQDWHO\ DOZD\V
FRUSRUDODFFLGHQWLQGDQJHURXVEHQGRUDFFLGHQWORFDWLRQLVVRPHWLPHVQRWYHU\DFFXUDWH
7KHQDQRWKHUVROXWLRQRSHUDWHLQRQD)UHQFKGDQJHURXVEHQGZDVWRPHDVXUHHDFKWUDMHFWRU\RI
YHKLFOH WKDQNV WR D ORFDO WUDMHFWRU\ REVHUYDWRU\ FRPSRVHG E\ YLGHR FDPHUDV DQG WR SURFHVV VWDWLVWLFDO
PHWKRGV WRFODVVLI\ WKHVH WUDMHFWRULHV LQGLIIHUHQW ULVN OHYHO7KLVSURMHFW LVQRWFRPSOHWHO\ ILQLVKHGEXW
ILUVWUHVXOWVVKRZWKDWLW¶VSRVVLEOHWRH[WUDFW³DW\SLFDO´WUDMHFWRULHVRSHQLQJYHU\LQWHUHVWLQJSURVSHFWVLQ




7KHPRVW LPSRUWDQW FRQWULEXWLRQ RI ORFDO WUDMHFWRU\ REVHUYDWRU\ LV WR EH DEOH WRPHDVXUH VSHHG DQG
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5LVN0LWLJDWLRQLQ,QWHUVHFWLRQV
,Q)UDQFHRQUXUDOURDGVLQWHUVHFWLRQVFRQFHQWUDWHRIDFFLGHQWVDQGRIIDWDOLWLHV7KHULVNRI











$ ³QHDUPLVV´ LV D WUDIILF FRQIOLFW GHVFULEHG DV ³DQ REVHUYDEOH VLWXDWLRQ GXULQJZKLFK WZR GULYHUV
DSSURDFKRQHWRDQRWKHULQWLPHDQGVSDFHWRDSRLQWZKHUHWKHUHLVDULVNRIDFFLGHQWLIWKHLUPRYHPHQWV
UHPDLQXQFKDQJHG$PXQGVRQ	+\GHQ1HDUPLVVGHWHFWLRQLVDQDSSOLFDWLRQRIORFDOURDGVLGH
WUDMHFWRU\REVHUYDWRULHV 0(7/ ,Q WKLVFDVHSRWHQWLDOO\ ULVN\VLWXDWLRQVDUH LGHQWLILHGIURPSUHGHILQHG
WUDMHFWRULHV
$ V\VWHP 6XELUDWV 'XSXLV 9LROHWWH 'RXFHW 'XSUH  ZDV GHYHORSHG WR GHWHFW DQG UHFRUG
FRQIOLFWV EHWZHHQ XVHUV IURP QRQSULRULW\ URDG DQG XVHUV RI SULRULW\ URDG LQ PRWLRQ )LJXUH  7KH
V\VWHPXVHVVWDQGDUGWUDIILFVHQVRUV'RSSOHUUDGDURQWKHPDLQURDGDQGSQHXPDWLFWXEHDWVWRSODQH,WLV
VHWWOHG DW WKH HGJHRI WKH URDG DQGGHOLYHUV LQIRUPDWLRQRQGHWHFWHG HYHQWV UXQ WLPHVWDPSDQGYHKLFOH
VSHHGV7KHQ WKH WLPH WRFROOLVLRQ LVFDOFXODWHGDQGFRPSDUHG WRD WKUHVKROG HJ WKH WLPH WRFURVV WKH
PDLQ URDGZKLFK LVPRUH WKDQ  VHFRQGV IRU D  ODQHV KLJKZD\  IRU WKH VW  IRU WKH QG$ YLGHR
















VKLIWHG HOHFWURPDJQHWLF ORRSV %HUWUDQG  LPSODQWHG LQ WKH URDG WKDW DUH FRQQHFWHG WR D GDWD
FROOHFWLRQGHYLFH0(7/











7KH FRQFHSWV PHWKRGV PHDVXUHPHQWV WRROV DQG WHFKQRORJLHV DQG ILQDOO\ DSSOLFDWLRQV RI WKH IXOO
WUDMHFWRULHV WKHTXDVLDFFLGHQWV RU QHDUPLVV DQG WKH WUDMHFWRU\REVHUYDWRULHV GHYHORSHG DORQJ WKH ODVW
GHFDGHE\WKH,)677$5DQG LWVSDUWQHUVSURYLGHDYHU\HIIHFWLYHDSSURDFKWRLPSURYHWKHURDGVDIHW\
7KLVDOORZVDQDO\VLQJYHU\DFFXUDWHO\LQWHUDFWLRQVEHWZHHQYHKLFOHVGULYHUVDQGURDGLQIUDVWUXFWXUHDQG
WKH GULYHU EHKDYLRXU¶V ILW RU GLVFUHSDQF\ ZLWK WKH YHKLFOH DQG LQIUDVWUXFWXUH FKDUDFWHULVWLFV LQ D JLYHQ
HQYLURQPHQWDQGSDUWLFXODUWUDIILFFRQGLWLRQV8VLQJVHUYLFHDELOLW\OLPLWVWDWHVZKLFKFRUUHVSRQGWRTXDVL
RU QHDUPLVVHG DFFLGHQWV DQG WKHUHIRUH DUH PXFK PRUH IUHTXHQW DQG QR GDPDJLQJ LQGLFDWRUV RI




D SRVWHULRUL IDWDOLWLHV DQG LQMXULHV VWDWLVWLFV 7KLV DSSURDFK ZLOO EH RI SDUWLFXODU LQWHUHVW LQ GHYHORSHG
FRXQWULHV DQG HYHU\ZKHUH ZKHQ WKH FRQYHQWLRQDOPHDVXUHV HJ VSHHG HQIRUFHPHQW GULYHU HGXFDWLRQ
VDIHU YHKLFOHV LPSURYHG LQIUDVWUXFWXUHV DUH DOUHDG\ LPSOHPHQWHG6XFK DQ DSSURDFKPD\ DOVREHYHU\
FRVW HIIHFWLYH DYRLGLQJ D VLJQLILFDQW DPRXQW RI DFFLGHQWV DQG DIIRUGDEOHPHDQV EXW DOVR HQYLURQPHQW
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